To date, there is no well-defined standard of care for early-stage pediatric Hodgkin lymphoma (HL), which may include chemotherapy alone or combined modality therapy (CMT) with chemotherapy followed by radiotherapy. Although the use of radiotherapy in pediatric HL is decreasing, this strategy remains controversial.
E arly-stage pediatric Hodgkin lymphoma (HL) is now considered a highly curable disease. What was once treated with curative intent with radiotherapy alone has become more manageable in most children with HL when treated with combined modality therapy (CMT) with chemotherapy and radiotherapy, with event-free survival (EFS) rates greater than 80% and overall survival (OS) rates greater than 95%. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] As disease control became commonplace, significant toxic effects were noted in long-term follow-up. Although both chemotherapy and radiotherapy are associated with an increased risk of toxic effects, much of the focus has been on decreasing the long-term sequelae of radiotherapy. Potential late effects of radiotherapy include cardiopulmonary toxic effects (mediastinal radiotherapy), 11 secondary malignant neoplasms, 12 and modifiable late-term effects, such as growth deficits (vertebral body radiotherapy), 13 endocrine abnormalities, 13 and infertility. 14, 15 These potential toxic effects have provided the impetus for successive clinical trials of strategies to reduce the use of radiotherapy for adult and pediatric patients with HL. 16 In efforts to best select the patients who may benefit from consolidation radiotherapy, the incorporation of risk and response adapted therapy (ie, omitting radiotherapy for a low-risk patient with a favorable interim response to chemotherapy) has led to reasonable rates of EFS.
3,5,6 These studies may have been skewed by the inclusion of very-lowrisk patients with nodular lymphocyte-predominant HL, who by current standards may not need chemotherapy or radiotherapy. 17, 18 Furthermore, even though EFS may have been reasonable with chemotherapy alone, randomized trials did not successfully show the noninferiority of CMT. For example, CCG (Children's Cancer Group) 5942 randomized low-risk patients to receive CMT or not, and the study results showed poorer EFS in patients who did not receive radiotherapy. 7, 10 This finding recapitulates data in adults that show that radiotherapy may further reduce a chance of relapse even for those with early-stage disease and a favorable interim response to systemic therapy. 19 To date, many pediatric and adult clinical trials have shown improvements in freedom from treatment failure and progression-free survival with CMT as the optimal treatment program, although no individual study has been powered to show an improvement in OS in limited-stage classic HL. 7, 10, 19, 20 In particular, there is a scarcity of data describing the patient selection for CMT (compared with chemotherapy alone) and its subsequent effect on survival.
To address these gaps in the existing literature and to power a study aimed to show differences in OS, we used data from the National Cancer Database (NCDB) on pediatric patients with early-stage HL. The primary end point of this study was to assess whether the use of CMT was associated with OS. As secondary end points, we explored the association between clinicopathologic factors and OS. Our hypothesis was that the use of radiotherapy within the CMT regimen improves outcomes compared with chemotherapy alone in early-stage pediatric HL.
Methods

Data Source
The NCDB is a national hospital-based registry sponsored by the American College of Surgeons Commission on Cancer and the American Cancer Society. Programs accredited by the American College of Surgeons Commission on Cancer report cancers diagnosed or treated in their facilities. The NCDB includes more than 1500 hospital-based programs and approximately 70% of all newly diagnosed cases of cancer in the United States. 21 The database also contains demographic information, including aggregate measures on patient educational level and income as well as individual diagnosis and treatment information, such as chemotherapy delivery, radiotherapy delivery (and intention to treat with radiotherapy), and radiotherapy dose, volume, and modality. 22 Information not included in this data set include bulk of disease, extranodal involvement, clinical trial enrollment, response after chemotherapy, and various systemic factors, such as erythrocyte sedimentation rate, fever, and serum albumin level. This study was exempt from institutional review board approval. Because all data were deidentified, patient consent was waived. 
Study Population
Key Points
Question Is there a survival benefit to combined modality therapy with chemotherapy and radiotherapy vs chemotherapy alone in pediatric Hodgkin lymphoma?
Findings In this cohort study of 5657 pediatric patients from the National Cancer Database, combined modality therapy was associated with an improved overall survival of 2.8% compared with chemotherapy alone at 5 years, with a particular benefit seen in the low-risk cohort and young adult patients. The use of combined modality therapy has been decreasing in the United States.
Meaning Combined modality therapy may be discussed with pediatric patients with Hodgkin lymphoma, and future clinical trials may consider including combined modality therapy as a standard arm. 
Intention-to-Treat Analysis
The NCDB codes the clinicians' intention to treat with various treatment options (eg, chemotherapy or radiotherapy). Thus, an intention-to-treat analysis was performed to identify patients for whom radiotherapy was part of the clinician's initial plan even when radiotherapy was not delivered. If radiotherapy was administered, recommended and refused, or not administered or unknown whether delivered, the patient was included in the CMT group. If radiotherapy was not recommended as part of the clinician's initial plan, patients were assigned to the chemotherapy alone group. KaplanMeier survival curves and log-rank statistics were used to examine OS.
Results
Descriptive Statistics
Our analysis examined 5657 pediatric patients with stage I or II classic HL who met inclusion criteria ( Figure 1 ). There were 3004 females and 2596 males in the study; 57 patients were missing information on sex. The mean (SD) age was 17. 
Survival Analysis
The median follow-up for the analyzed cohort was 5.1 years. In unadjusted Cox proportional hazards regression models depicted in eTable 2 in the Supplement, use of CMT was associated with improvement in OS (HR, 0.58; 95% CI, 0.44-0.78; P < .001). Figure 2 shows cumulative mortality and the number of patients at risk. Overall survival at 5 years was 97.3% (95% CL, 96.4%, 97.9%) for patients receiving CMT and 94.5% (95% CL, 93.8%, 95.8%) for those receiving chemotherapy alone (P < .001). Factors significantly associated with OS in the study population were age, presence of B symptoms, use of transplant procedure, and type of health insurance. Black patients were 63% more likely to die than white patients (HR, 1.63; 95% CI, 1.09-2.42; P = .02). After adjustment for confounders, use 
Intention-to-Treat Analysis
Of the 2812 patients in the chemotherapy alone group, the intention-to-treat analysis required reclassification of 184 patients (6.5%) to the CMT group, for a total of 3029 in this group. Figure 3 shows cumulative mortality (intention to treat) at 5 years for patients receiving CMT. Overall survival for these patients was 97.1% compared with those receiving chemotherapy alone (95.1%). An improvement in survival was also observed among those receiving CMT (aHR, 0.63; 95% CI, 0.46-0.86).
Sensitivity Analysis
We performed a sensitivity analysis for patients in the adolescent and young adult (AYA) group (aged 15-39 years [n = 16 952]) and in those 14 years or younger (n = 1101). Both groups were similar to our main analysis with respect to the primary end point of this study. A sensitivity analysis of a subset of patients (n = 3558) fitting criteria for low-risk disease (stage I-IIA) revealed that OS at 5 years for patients receiving CMT was 97.0% (95% CL, 96.2%, 97.7%), while OS at 5 years for those receiving chemotherapy alone was 94.2% (95% CL, 93.7%, 95.9%) (eFigure 1 in the Supplement). The aHR in this low-risk subset of patients was similar to that in the main study cohort (aHR, 0.59; 95% CI, 0.38-0.92).
Use of Radiotherapy
The radiotherapy use rates decreased significantly by 24.8%, 
Discussion
Our study of pediatric patients with early-stage classic HL revealed that patients selected to receive CMT had improved OS at 5 years when compared with those who received chemotherapy alone after controlling for all available confounders (age, stage, presence of B symptoms, and use of transplant procedure). The absolute improvement in OS at 5 years was approximately 2% (97% vs 95%) in favor of CMT, which translates to a number needed to treat of 50. This finding is similar to the survival benefit of CMT (compared with chemotherapy alone) demonstrated in studies of adults with classic HL, with statistically overlapping HRs.
19,20,24-26 Moreover, this study Patients had a median follow-up of 61.8 months (interquartile range, 57.9 months). More important, we also discovered that CMT was preferentially used in younger patients, male patients, those with stage II disease, and those with private insurance. However, the youngest patients (aged 1-13 years) appeared to benefit the least from CMT. These findings are important because they represent the group most vulnerable to the adverse effects of radiotherapy. Furthermore, the preferential use of CMT in male patients may represent a concern for treatment-related secondary breast cancers in female patients (for those given radiotherapy). Long-term follow-up will be needed to assess whether the decreased risk of secondary malignant neoplasms with newer technologies may balance the potential benefits of consolidation radiotherapy. Recent analysis of AHOD0431 revealed an improved EFS in patients with mixed cellularity histologic characteristics compared with nodular sclerosis (95% vs 75%; P < .05), 23 a finding that achieved borderline significance in our current study focused on OS. It is likely that this observed EFS benefit in a smaller cohort (n = 278) in AHOD0431 (HR, 0.49; 95% CI, 0.23-1.04; P = .06) may not translate to an OS benefit given reasonable salvage options. 29 The authors of AHOD0431 also concluded that a response-based approach with chemotherapy alone may be a reasonable treatment option for patients with mixed cellularity histologic characteristics. However, based on our findings, we suggest that further study is necessary across all stages and histologic characteristics of pediatric HL. Disease control and progression-free survival are extremely important, as salvage therapy for relapsed disease can include regimens that incorporate high-dose chemotherapy and stem cell transplant (current study: aHR, 8.44; 95% CI, 4.16-17.69), but there are limited data on the long-term outcomes of pediatric patients with early-stage classic HL. As the largest data set of pediatric patients with classic HL reported in the literature, to our knowledge, our study also identifies changes in national practice patterns, particularly depicting a 24.8% decrease in the use of CMT from 2004 to 2015. The most common physician-reported rationale for not administering consolidation radiotherapy as part of the CMT program was that it was not part of the planned initial treatment strategy (>90% of cases), owing in part to chemotherapy alone being used as standard therapy in clinical trials and perhaps reflecting clinicians' bias against the use of radiotherapy. This decline is occurring despite very limited data in highly selected groups of patients, suggesting that chemotherapy alone may be an appropriate treatment regimen for all patients with early-stage HL.
Research Original Investigation
The AHOD0031 study randomized patients with intermediate-risk classic HL and rapid early response after initial chemotherapy to receive involved-field radiotherapy or chemotherapy alone from September 2002 to October 2009 (closed to accrual on this date). 29 During this date range, and after various associated publications from 2010 to 2015, 30 when many patients in the United States were treated on or per this protocol, we have demonstrated the steepest decline in the nationwide use of radiotherapy (eFigure 2 in the Supplement). Meanwhile, CCG 5942 randomized low-risk patients to receive low-dose involved-field radiotherapy vs no further treatment and found a benefit of 3-year event-free survival in the CMT group (93% vs 85%). 10 Patients in the CMT group experienced no relapses, and 14 relapses were detected in those who received chemotherapy alone. Of course, with only 501 patients enrolled in that study, it is unlikely that it was powered to detect an OS benefit, even with longer follow-up. Currently, there are modern studies (AHOD0431) eliminating radiotherapy in low-risk patients who undergo a complete response after 3 initial cycles of doxorubicin, vincristine, prednisone, and cyclophosphamide chemotherapy or after 2 cycles of vincristine, adriamycin, and methylprednisolone chemotherapy. 6 We suspect that patients selected to receive CMT in our study may reflect those with less favorable interim disease factors (as per AHOD0431), such as slow-responding lesions or large mediastinal adenopathy, further reinforcing the need for consolidation treatment (radiotherapy). Nevertheless, our intention-to-treat analysis should account for this potential selection bias. Data reported from patients enrolled in the aforementioned clinical trials may not entirely reflect community or hospitalbased practices. Therefore, our data set, which includes unselected patients, largely representing nationwide hospital-based practices at centers accredited by the American College of Surgeons Commission on Cancer, may be more representative and generalizable to patients who may truly benefit from CMT outside the setting of a wellcontrolled clinical trial. Patients who survive pediatric HL are at the highest risk (50% at 30 years) of developing late toxic effects among all childhood cancers. 31 Castellino et al 32 reported that, among patients who survived HL from the Childhood Cancer Survivor Study, second cancers, thyroid dysfunction, and cardiac issues are the most common late effects. These late adverse effects are due to a combination of the chemotherapy (adriamycin and bleomycin) and thoracic radiotherapy. Although reducing the overall use of radiotherapy will undoubtedly minimize any possible late effects, the radiotherapy techniques used to treat patients in the Childhood Cancer Survivor Study reflect obsolete modes of radiation delivery, whereby patients were treated with subtotal lymphoid irradiation and doses of 44 Gy or higher. Today, smaller, more tailored fields are used, including involved site radiotherapy and involved node radiotherapy, and patients are treated with half the dose they were 30 years ago. 33 Zhou et al 34 reported substantial dose reductions to the heart, lung, breast, and thyroid among patients treated on Children's Oncology Group protocols compared with how patients in the Childhood Cancer Survivor Study database were treated. These modifications in dose and fields combined with contemporary radiotherapy techniques, such as intensity modulated radiotherapy, deep inspiration breathhold, and proton beam therapy, are expected to greatly reduce the risk of late effects from radiotherapy while providing patients with the best opportunity of cure when incorporated into CMT programs. [35] [36] [37] Although it is expected that these techniques may decrease late effects, longer-term prospective follow-up is necessary to measure delayed toxic effects from radiotherapy that could abrogate the beneficial effect of CMT at 5 years we have observed in the current study. An important finding in our study is that the most impressive benefit of CMT compared with chemotherapy alone occurs in the AYA patient cohort when compared with younger patients (≤14 years). We discovered a greater proportion of patients with mixed cellularity histologic characteristics in the younger group when compared with the AYA cohort, perhaps explaining the noninferiority in OS with a chemotherapyalone approach. This finding is prevalent in the sensitivity analysis, which is a much smaller sample size compared with the entire cohort in the main analysis. In addition, with longer follow-up, we may discover that younger patients are more susceptible than their AYA counterparts to the detrimental effects of radiotherapy and may be the cohort in whom we can safely omit radiotherapy. We suggest further analysis in a largescale study to investigate the utility of omitting radiotherapy in the younger group of patients, perhaps across all stages of classic HL.
Limitations
There are limitations to this study. First, this study is retrospective and the data are reflective of facilities accredited by the American College of Surgeons Commission on Cancer, which are largely hospital-based practices. Second, although the multivariable analysis adjusted for measured covariates, we were unable to control for unreported prognostic factors, such as number of nodal sites, bulk of disease and large mediastinal adenopathy, presence of fever, and serum albumin level and erythrocyte sedimentation rate, or other unknown confounders because the data set lacked this information. 38 We did, however, use a sophisticated intention-to-treat analysis in an effort to remove selection bias that could have otherwise been in favor of CMT. Third, our study does not report the use of modern positron emission tomography-based staging to measure interim response to induction chemotherapy. This information would allow us to identify patients who may be most likely to benefit from consolidation radiotherapy. It is plausible that patients selected to receive CMT (vs chemotherapy alone) in this data set were at the highest risk of relapse (ie, slow to respond to induction chemotherapy or had bulky disease at time of diagnosis), thus providing more support for the inclusion of radiotherapy in the treatment algorithm. Alternatively, radiotherapy may have been omitted from the treatment course because the patient had refractory disease and had to undergo second-line chemotherapy and possible transplant. Under these circumstances, one might expect worse outcomes among the patients who received chemotherapy alone. Fourth, the limited follow-up of this study (median, 5.1 years) likely does not capture the secondary late effects associated with CMT and its potential effect on survival.
31,32
Conclusions
Although current radiotherapy techniques minimize the longterm effects of CMT, we continue to examine which patients will truly benefit from the use of CMT and whether a group of patients can be identified (eg, those with slow-responding lesion[s] after chemotherapy) to be the best candidates for consolidation radiotherapy. This study's findings suggest that, compared with chemotherapy alone, the use of CMT for pediatric patients with early-stage HL (particularly adolescents and young adults) is associated with an improvement in OS at 5 years in the largest data set reported to date. We suggest that consolidation radiotherapy as part of CMT may be considered in future clinical trials for patients with early-stage disease. Multiple disparities to the use of CMT have also been identified and will be the subject of future studies focused on improving access to care for pediatric patients. Combined-modality therapy).
